Background OX40 (CD134) is expressed in lesional but not healthy skin of patients with psoriasis. KHK4083 is a fully
Introduction
Psoriasis is a chronic autoimmune, inflammatory skin disease affecting about 2% of the global population or about 25 million people in North America and Europe. [1] [2] [3] The most common form (affecting~80% of patients) is plaque psoriasis. 4 Plaque psoriasis often starts in late adolescence or early adulthood and usually persists as a chronic disease throughout adult life in about 90% of patients, which therefore necessitates continuous treatment. 1, 5 The cause of psoriasis is not fully understood, but it is likely that there is combination of genetic and environmental components. 6 The majority of patients (~80%) have mild to moderate psoriasis and receive first-line therapy with topical preparations and/ or phototherapy. 5, 7 Adherence to topic therapy is generally poor. 8, 9 More recalcitrant moderate and severe disease necessitates progression to various systemic agents, e.g. cyclosporine, methotrexate, retinoids, apremilast, and biologic therapies such as etanercept, infliximab, adalimumab, ustekinumab, secukinumab and ixekizumab, which may be associated with certain severe and/or serious toxicities. 5, [10] [11] [12] OX40 (cluster of differentiation [CD] 134, tumour necrosis factor receptor [TNFR]SF4), a TNFR family member, offers a novel therapeutic target as it is expressed in lesional but not healthy skin of patients with psoriasis. 13, 14 OX40 plays a key role in maintaining late T-cell proliferation and survival by suppressing apoptosis, and in inducing T-cell memory formation ( Fig. 1) . [15] [16] [17] [18] [19] KHK4083 (Kyowa Kirin Pharmaceutical Development, Inc., Princeton, NJ, USA) is a fully human, non-fucosylated IgG 1 monoclonal antibody (mAb) specific for OX40. KHK4083 has shown antagonistic activity to OX40L in vitro and efficacy in animal models of graft-vs.-host disease and delayedtype hypersensitivity (unpublished data on file Kyowa Kirin Pharmaceutical Development, Inc.). The primary aim of this study was to determine the safety and tolerability of single, ascending doses of KHK4083 administered by intravenous (IV) infusion and a single dose administered by subcutaneous (SC) injection in patients with mild to moderate plaque psoriasis. Secondary aims were to determine the pharmacokinetics and immunogenicity of KHK4083, and an exploratory objective was to assess clinical activity.
Materials and methods

Patients
Male or female patients ≥18 years of age with a clinical diagnosis of mild to moderate plaque psoriasis according to the investigator for ≥6 months were eligible for study entry. Body surface area affected by psoriasis was ≥2% with at least one plaque suitable for biopsy (Cohort 1 had an upper limit of 10% for body surface area affected). Patients who had been previously treated with a biologic agent had to undergo an appropriate washout period for the relevant biologic agent or be naive to biologic treatment. Major exclusion criteria were as follows: a history of clinically significant cardiac, renal, pulmonary, immunologic or autoimmune disease apart from psoriasis; a history of druginduced psoriasis; those requiring treatment with topical, oral or injectable corticosteroids during the study; and those receiving phototherapy. Full details of inclusion/exclusion criteria are provided as Supporting Information.
Study design
The study was conducted in accordance with US Code of Regulations and International Conference on Harmonization of Good Clinical Practice guidelines, and adhered to the ethical principles of the Declaration of Helsinki. The protocol and its subsequent amendments were approved by relevant Institutional Review Boards at the four participating study centres. All patients provided written informed consent prior to participation in the study.
The primary objective of this study was to determine the safety and tolerability of KHK4083 administered IV or SC as monotherapy in patients with mild to moderate plaque psoriasis. Secondary objectives were to evaluate its pharmacokinetic profile and immunogenicity. Exploratory objectives were to evaluate its pharmacodynamic profile assessed by changes in selected biomarkers in serum, peripheral blood and skin biopsies, its activity on functional health and health-related quality of life (HRoQL) and its efficacy compared to placebo.
There was no clinical experience with KHK4083 prior to this ascending single-dose study. The rationale for dose selection is detailed in Supporting Information. Patients were screened 3-28 days prior to single-dose administration of KHK4083 or placebo on Day 1. The study was divided into two parts: phase 1a and 1b (Table 1) . Phase 1a was conducted at a single centre (Probity Medical Research, Inc., ON, Canada) with open-label administration of KHK4083 0.003 and 0.001 mg/kg IV over 60 min in cohorts 1 and 2, respectively (n = 6 in each cohort). Each patient in phase 1a and the first cohort of phase 1b (Cohort 3) received KHK4083 sequentially 1 week apart. All patients in cohorts 1-3 were enrolled at one site (K.A.P.), and safety data for these cohorts were reviewed by Health Canada before proceeding to subsequent cohorts recruited at four study centres. Phase 1b had a multicentre, randomized, double-blind, placebo-controlled, ascending single-dose design in seven cohorts (n = 8 in each cohort). Randomization was performed 3 : 1 to KHK4083 (n = 6) or placebo (n = 2) within each cohort using a random code for patient numbers. Cohorts 4-7 received KHK4083 0.03, 0.1, 0.3, 1.0 and 3.0 mg/kg, respectively, IV over 60 min. Cohort 8 received KHK4083 1.0 mg/kg SC. After completion of cohorts 7 and 8, and following protocol amendment, Cohort 9 was added and received KHK4083 10 mg/kg IV over 120 min.
KHK4083 was supplied in single-use vials containing 5 mL of 10 mg/mL product, and placebo was provided in similar appearing vials containing 5 mL of the formulation buffer of the active product. The required dose of KHK4083 or placebo was taken from the vial and diluted in sterile normal saline for IV infusion via a 0.2-or 0.22-lm low-protein-binding inline filter. Administration of KHK4083 (1.0 mg/kg) or placebo SC was given by direct injection from the vial without dilution. The sponsor, investigators and site personnel had no knowledge of the treatment assigned in phase 1b to maintain double-blind conditions; treatment allocation was only known by the pharmacist. 
Assessments
Patients were assessed at intervals from Day 1 (baseline) to Day 57 (cohorts 1-8) or 71 (Cohort 9).
Safety and tolerability were determined from adverse events (AEs), physical examination findings, electrocardiogram readings, vital sign measurements and clinical laboratory test results (serum chemistry, haematology, coagulation and urinalysis). AEs were recorded following observation by the investigator, in response to non-leading questioning, or spontaneous reporting by the subject. AEs were graded for intensity (mild, moderate or severe) and relationship to treatment (definite, probable, possible, unlikely or unrelated). The safety analysis population included all patients who received at least a partial dose of study medication. Immunogenicity was determined using a validated electrochemiluminescent ligand-binding assay for the detection of anti-KHK4083 antibodies in serum. Drug tolerance limit at 100 ng/mL of positive control was 10 lg/mL of KHK4083. There was no hook effect observed at up to 100 lg/mL of positive control.
Blood samples were taken for pharmacokinetic assessment. Serum samples were analysed using a validated electrochemiluminescent method for the determination of KHK4083 concentration. The lower limit of assay quantification was 25 ng/mL and the quantification range 25-10 000 ng/mL. Pharmacokinetic parameters were derived using non-compartmental analysis with WinNonlin, v6.3 (Pharsight Co., Mountain View, CA, USA).
Patients who received at least one full dose of KHK4083 or placebo and who had baseline data and at least one postdose activity assessment were included in the full analysis set (FAS) for determination of clinical activity. Psoriasis severity was graded using the Psoriasis Area Severity Index (PASI) 20 and a static Physician Global Assessment (sPGA) using a 6-point scale (0 = clear to 5 = severe). Response was determined according to change in mean PASI score, and the proportions of patients achieving PASI 50 or improvement in sPGA score ≥2. Blood samples were taken for assessment of changes from baseline in the number and phenotypes of peripheral blood mononuclear cells by flow cytometry including total T lymphocytes and subsets, B lymphocytes, natural killer cells, monocytes, neutrophils, and naive, memory and effector T lymphocytes with and without OX-40 in response. The samples were analysed using available commercial assay kits and/or validated assay methods. Circulating OX40-positive T cells were measured. The measurement of soluble OX40 (sOX40) used a validated enzyme-linked immunosorbent assay (ELISA) method and soluble OX40 ligand (sOX40L) used a validated quantitative detection method for sOX40L carried out with modified use of the commercially available kit (Human sOX40L ELISA, MyBioSource, San Diego, CA). PASI scores were used to evaluate pharmacokinetic/pharmacodynamic correlations. Changes in skin mRNA keratin marker expression (K16), skin T cells and a wide array of cytokines and chemokines, transcription factors and other relevant markers were assessed for skin biopsy data for two biopsy punches, one from a target lesion and one from unaffected skin. All sections stained with markers for the presence of cytokines, leucocyte subsets, blood vessels and other markers were evaluated semiquantitatively and, if positive, further analysed using a confirmation assay.
Statistical analysis
Change from baseline in PASI and sPGA were analysed using a mixed-model repeated-measures (MMRM) analysis of all of the postbaseline PASI scores through to Day 57. Restricted maximum-likelihood estimation was used. The dependent variable was the change from baseline in PASI score. The model included dose level, route of administration and visit as fixed effects, the baseline PASI score as a covariate and visit as a repeated measure. An unstructured covariance matrix and the KenwardRoger approximation were used to estimate the degrees of freedom. The contrast interest was between the KHK4083 and placebo groups for each route of administration on Day 57. Modelbased least-squares means (LSMs) of the differences between the active treatment groups and placebo group on Day 57, along with 95% confidence intervals (CIs) and P values, were determined for each route of administration. The change from baseline to Day 29 in epidermal thickness was analysed using an analysis of covariance model with the baseline epidermal thickness as a covariate, and dose level and route of administration as fixed effects. The contrast interest was between the KHK4083 and placebo group for each route of administration. Modelbased LSMs of the differences between the active treatment groups and placebo group on Day 29, along with 95% CIs and P values, were determined for each route of administration. P values <0.05 were considered statistically significant. Other results are described by descriptive statistics. 
Results
Study population
The study was conducted from 21 December 2012 to 8 December 2014. All patients (N = 68) received at least a full or partial dose of study medication and were included in the safety analysis set. One patient in Cohort 5 was randomized to placebo IV but received KHK4083 0.3 mg/kg IV in error. The FAS included 67 patients as one patient in Cohort 2 (KHK4083 0.01 mg/kg IV) did not receive the full dose. The baseline demographic and clinical characteristics of these patients are summarized in Table 2 .
The groups treated with KHK4083 or placebo appeared balanced. Three patients in the FAS discontinued prematurely: one in Cohort 3 (0.03 mg/kg IV) on Day 51 lost to follow-up, one in Cohort 6 (1.0 mg/kg IV) on Day 20 due to lack of efficacy and one in Cohort 8 (1.0 mg/kg SC) on Day 45 due to withdrawal of consent.
Safety
The AE profile is summarized in Table 3 . Treatment-emergent AEs occurred in similar proportions of patients in the KHK4083 and placebo groups and all were either mild or moderate in intensity. The percentages of patients with AEs were similar between the KHK4083 and placebo IV (59.2% vs. 54.5%, respectively) or SC (50% vs. 50%) dose cohorts. There were no dose-related trends in AE incidences across the KHK4083 IV dose cohorts. There were no severe AEs, discontinuations because of AEs or serious AEs. Treatment-related AEs only occurred in the patients treated with KHK4083 (n = 11/55, 20.0%), with the most commonly reported treatment-related AE being chills (n = 5, 9.1%) followed by infusion-related (n = 3, 5.5%) or injection-related (n = 1, 1.8%) reactions. One patient in Cohort 5 (0.3 mg/kg IV) developed pustular psoriasis on Day 50 that was considered possibly related to treatment: the patient started cyclosporine 200 mg twice daily from Day 57 and recovered by Day 78. There were no clinically meaningful or doserelated changes from baseline in laboratory values, vital signs, ECG recordings or physical examinations.
Immunogenicity
Immunogenicity was determined in the FAS (n = 67). Immunogenicity was negative on days 1 and 57 in all 11 placebo recipients and all six KHK4083 recipients who received SC administration. Three of 48 (6.3%) KHK4083 recipients who received IV administration showed confirmed positive anti-KHK4083 antibodies on Day 1 compared to 13 patients (27.1%) on Day 57. Positive anti-KHK4083 antibodies did not appear to affect pharmacokinetic exposure to the drug (data not shown). Any treatment-related AE 10 (20. *V z /F and CL/F for SC dosing; V z and CL for IV dosing. †One patient in Cohort 5 was randomized to placebo IV but received KHK4083 0.3 mg/kg IV in error. ‡n = 4. §n = 5. ¶Absolute bioavailability (F) = AUC 0-∞ SC/AUC 0-∞ IV = 4940/6740 9 100% = 73%. AUC 0-t , area under the concentration-time curve from time zero to the time of the last measurable concentration (t); AUC 0-∞ , area under the concentrationtime curve from time zero to infinity; C, total systemic clearance; CL/F, apparent systemic clearance; C max , maximum serum concentration; F, absolute bioavailability; IV, intravenous; SC, subcutaneous; SD, standard deviation t 1/2 , terminal elimination half-life; t max , time to maximum serum concentration; V z , volume of distribution; V z /F, apparent volume of distribution.
Pharmacokinetics
Pharmacokinetic parameters of KHK4083 for the dose and route of administration are summarized in Table 4 . Mean time to reach maximum serum concentration (t max ) was 1.03-2.52 h across IV dose levels. Mean pharmacokinetic exposure to KHK4083 increased in a dose-proportional manner for the 0.003-10 mg/kg IV dose range based on maximum serum concentration (C max ) but in a more than doseproportional manner based on area under the serum concentration-time curves to the last measurable concentration and to infinity (AUC 0-t and AUC 0-∞ , respectively). Power analysis, in which the Ln C max was regressed against Ln Dose (0.003-10 mg/kg), yielded a b value of 1.01 (95% CI 0.915-1.10). The power analysis of Ln AUC 0-t and Ln AUC 0-∞ vs. Ln Dose yielded b values of 1.56 (95% CI 1.40-1.72) and 1.46 (95% CI 1.40-1.52), respectively. With increasing IV doses, mean elimination half-life (t 1/2 ) increased from 7.51 to 547 h, mean total systemic clearance decreased from 2.98 to 0.0930 mL/h/kg, and mean volume of distribution increased from 29.5 to 72.7 mL/kg. Following SC administration of KHK4083 1.0 mg/kg, mean t max was 124 h and mean t 1/2 was 185 h, the latter being consistent with mean t 1/2 following the same IV dose of 1.0 mg/kg (214 h). Absolute bioavailability following SC administration was 73%.
Clinical activity
Changes in mean PASI and sPGA over time in the cohorts are detailed in Tables 5 and 6 , respectively. Changes were minimal in the IV dose cohorts, with the largest improvements in patients who received KHK4083 10 mg/kg IV. Compared to placebo, the greatest improvements occurred in patients who received KHK4083 1.0 mg/kg SC. MMRM analysis did not find any statistically significant changes from baseline to Day 57 for PASI or sPGA, except for sPGA for KHK4083 1.0 mg/kg IV (LS mean -0.88, 95% CI À1.697 to À0.058; P = 0.036). The percentages of patients who achieved PASI 50 and improvement in sPGA score 
Pharmacodynamics and pharmacodynamic/ pharmacokinetic interactions
No meaningful or consistent dose-related changes could be reliably quantified due to the small sample size (data not shown).
Discussion
With respect to the primary endpoint of this first-in-human study, KHK4083 administration as a single dose up to 10 mg/kg IV or 1.0 mg/kg SC was generally safe and well tolerated in patients with mild to moderate plaque psoriasis with no doselimiting AEs. There were no severe or serious AEs, or discontinuations because of AEs. The most frequent treatment-related AEs in the 55 patients who received KHK4083 were mild or moderate chills (9.1%), and infusion/injection site reactions (7.3%). There were no clinically meaningful or dose-related changes from baseline in laboratory values, vital signs, ECG recordings or physical examinations. Three of 48 (6.3%) KHK4083 recipients who received IV administration showed confirmed positive anti-KHK4083 antibodies at baseline compared to 13 patients (27.1%) at Day 57; none of the patients who received placebo or KHK4083 SC had positive antibodies at baseline or Day 57. Development of KHK4083 antibodies did not appear to affect pharmacokinetics. With respect to pharmacokinetics, the main secondary endpoint, mean t 1/2 , increased with dose, mean C max increased in a dose-proportional manner, and mean AUC values increased in a more than dose-proportional manner over the IV dose range from 0.003 to 10 mg/kg. Mean t 1/2 for the KHK4083 1.0 mg/kg SC dose was consistent with the t 1/2 for KHK4083 IV at the same dose level. Absolute bioavailability for KHK4083 1.0 mg/kg following SC administration was estimated to be 73%. Examination of exploratory pharmacodynamic endpoints and pharmacokinetic/pharmacodynamic correlations did not reveal any clinical meaningful or consistent results.
Exploratory analyses of clinical activity showed some indication of improvement in PASI and sPGA scores (not epidermal thickness of psoriasis skin biopsies) at the highest IV doses (1.0 and 10 mg/kg) and the SC dose (1.0 mg/kg) of KHK4083. The largest PASI 50 response and improvement in sPGA score ≥2 occurred with KHK4083 1.0 mg/kg SC. Clinical responses were not expected after single-dose administration of KHK4083 and the study was not sufficiently powered to detect improved clinical response compared to placebo given the limited number of patients enrolled overall and, more specifically, within each cohort.
The overall safety profile of KHK4083 supports the further phase 2 clinical evaluation of KHK4083 using high repeated doses in larger numbers of patients. KHK4083 SC (1.0 mg/kg) provided encouraging results (both immunogenicity and clinical activity) compared to less convenient IV administration at a higher dose (10 mg/kg), although these results need to be confirmed in higher numbers of patients. Phase 1 and phase 2 clinical development of KHK4083 is currently ongoing in patients with ulcerative colitis, another disease in which OX40 is indicated as a pathogenic target. 21 
